Abstract: Late Holocene landscape evolution at the southern frontier of the forest belt of European Russia is studied based on detailed morphological, analytical and microbiomorphic research of a soil chronosequence that included a surface soil and a soil buried under the Bronze Age kurgan. Both soils (Folic Eutric Cambisols) are formed on similar geomorphic surfaces in the same parent material and in close proximity to each other. The soil morphology and the key analytical features are controlled by low-reactive parent material and imply close similarity of the present landscapes and those of the Bronze age. At the same time the morphological features show that the buried soil was influenced by the phase of weak aridization, which led to the formation of a dark mull humus horizon. Microbiomorphic assemblages (phytoliths, pollen) support the earlier conclusion that the soils of the study area had being developed mostly under forest vegetation.
Introduction
The Russian plain in the second half of the Holocene was inhabited by people of various civilizations. They left numerous earth burial mounds (kurgans) of the Middle to Late Holocene age. These ancient constructions, well documented by archaeologists, often preserve buried paleosols which contain clues about palaeoenvironments because many soil properties are associated with a particular environmental situation [1] [2] [3] [4] [5] . The wide geographical occurrence of burial mounds in the forest, dry-steppe and semi-desert zones, built over a span of many thousands of years, provides good opportunities for the application of palaeopedological approaches to generate an image of the [21] ); (c) Soil contours in the vicinity of Tsivilsk according to the State Soil Map of the Soviet Union 1:1,000,000 [22] . Reference Soil Groups according to IUSS Working Group WRB [23] .
The climate of the study area is temperate continental, characterized by a mean January temperature of −12.4 °C and a mean July temperature of +19.4 °C [24] . The annual [21] ); (c) Soil contours in the vicinity of Tsivilsk according to the State Soil Map of the Soviet Union 1:1,000,000 [22] . Reference Soil Groups according to IUSS Working Group WRB [23] .
The climate of the study area is temperate continental, characterized by a mean January temperature of −12.4 • C and a mean July temperature of +19.4 • C [24] . The annual precipitation/ evaporation ratio equals 1.2, which characterizes the climate of the study area as humid; however, the average annual precipitation (540 mm) is less compared to the areas located on the same latitudes more to the west. In the second half of the winter the soil is usually frozen to a depth of 100 cm, while the snow cover in recent years varies between 30-45 cm. The maximum precipitation is observed in July (60-70 mm).
The typical vegetation occupying the uplands and slopes in the study area is broadleaf forest. The characteristic mature trees in the tree canopy include lime (Tilia cordata), oak (Quercus robur) and acer (Acer platanoides). The top layer of understory is formed by elm (Ulmus laevis), while the shrub layer commonly includes Sorbus aucuparia and Corylus avellana. The herbaceous layer is well developed and very diverse, including typical nemoral species such as Aegopodium podagraria, Carex sylvatica, Asarum europaeum, Convallaria majalis, Lathyrus vernus, Stellaria holostea, and Mercurialis perennis.
The common soils of the study site according to the State Soil Map [22] are gray forest soils (Luvisols, according to IUSS Working Group WRB [23] ); however, the soil pattern of the study area is very complex and includes contrasting soils like Retisols and Phaeozems ( Figure 1c ). Variation in parent material seems to be the major factor controlling soil formation and the occurrence of different soil types.
Methods
The buried soil (N 55 • 51 49 , E 47 • 31 19 ) was studied in upland position at the elevation of 150 m a.s.l. under a kurgan of the southwestern group in the Taushkasy kurgan cemetery, in close proximity to the sides of the Maly Tsivil River valley. The kurgan mound ( Figure 2 ) had a preserved height of 1.7-2 m, a circular shape and a flattened apex. Its diameter at the base reaches 7-8 meters. The kurgan was explored by archeologists in 1927 [18] , however the excavation technique ("well" method), commonly used in early archeological studies, did not affect the major part of the kurgan; the disturbances could be detected only in its the central part. We also drilled boreholes in five other kurgans nearby, which confirmed the morphological identity of the ancient constructions and the similarity of the upper horizons of the buried soils.
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The buried soil (N 55°51'49'', E 47°31'19'') was studied in upland position at the elevation of 150 m a.s.l. under a kurgan of the southwestern group in the Taushkasy kurgan cemetery, in close proximity to the sides of the Maly Tsivil River valley. The kurgan mound ( Figure 2 ) had a preserved height of 1.7-2 m, a circular shape and a flattened apex. Its diameter at the base reaches 7-8 meters. The kurgan was explored by archeologists in 1927 [18] , however the excavation technique ("well" The surface soil (N 55°51'51'' Е 47°31'19'') was chosen on same geomorphic surface (24 m to the north from the buried soil) following a preliminary study of the parent material in 10 soil pits along a regular grid within a radius of 500 m around the kurgan, to ensure that any possible differences in soil features between the buried soil and the present-day surface soil could relate to differences between modern climatic parameters and those in the past, thus showing the Late Holocene trend in both climatic and vegetation changes in the study area. The measured difference in elevations The surface soil (N 55 • 51 51 E 47 • 31 19 ) was chosen on same geomorphic surface (24 m to the north from the buried soil) following a preliminary study of the parent material in 10 soil pits along a regular grid within a radius of 500 m around the kurgan, to ensure that any possible differences in soil features between the buried soil and the present-day surface soil could relate to differences between modern climatic parameters and those in the past, thus showing the Late Holocene trend in both climatic and vegetation changes in the study area. The measured difference in elevations between the upper limits of the buried and surface soils was less than 1 m. The parent material of the two soils was nearly the same, and the underlying bedrock occurred at identical depth of 130 cm.
Soil features were described according to the FAO Guidelines for Soil Description [25] and identified using the WRB [23] . The thickness of soil horizons was measured on three walls in 10-15 cm intervals. Micromorphological features were examined in thin sections of undisturbed oriented samples under plain and polarized light at 40-200-fold magnification using a polarizing microscope "Olympus BX51" (Olympus, Tokyo, Japan) of the V.V. Dokuchaev Soil Institute center. Olympus "StreamBasic" software was applied for capturing and image processing. In total, 13 thin sections were described based on the definitions and terminology of Stoops [26] .
Laboratory analyses were performed on samples taken equidistantly (10 cm down to 130 m) from both soil profiles, but avoiding the boundaries between soil horizons. In total 28 samples were analyzed. Additionally, 11 samples from topsoil horizons were analyzed for organic carbon content, to characterize its spatial variability in the surface layers across the study site. Organic carbon content in all soil samples was determined using K 2 Cr 2 O 7 wet-combustion method [27, 28] and then recalculated to concentrations of soil organic matter [28] .
Particle size analysis was performed for the fine earth fraction <1 mm. The boundaries between six particle size classes were defined in accordance with the Russian conventional fraction groups [27] . The coarse and medium sand fraction (1-0.25 mm) and the fine sand fraction (0.25-0.05 mm) were separated by sieving while more fine-grained fractions of the coarse, medium and fine silt (0.05-0.01 mm; 0.01-0.005 mm; and 0.005-0.001 mm, respectively) as well as the clay fraction (<0.001 mm) were determined by the pipette method after sample pretreatment with sodium pyrophosphate. The data on textural fraction contents were used for the reconstruction of the particle size distributions [29, 30] and textural classes were approximated according to the FAO Guidelines for soil description [25] . Calcium carbonate contents and pH in a water suspension (soil:water ratio = 1:2.5), exchangeable cations and exchangeable acidity were analyzed using conventional methods for soils of forest zone [27] .
Organic carbon in humus fractions (active and passive fulvic and humic acids) was determined according to Ponomareva and Plotnikova procedure [31] . Carbon and nitrogen concentrations for the C:N ratio were obtained using Vario EL III elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). The elemental analysis was performed using the X-ray fluorescence spectrometry method after loss on ignition determination (1000 • C) using the Philips PW2400 Sequential WXRF Spectrometer (Malvern Panalytical, Almelo, The Netherlands), with borate fusion applied in sample preparation for XRF analysis. Dithionite and oxalate extractable fractions of iron and aluminum were determined according to Mehra and Jackson [32] , using a Cary 60 Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Analyses of extractible microbiomorphs included the determination of organic (spores and pollen, plant detritus, charcoal) and inorganic (phytoliths; spicules of sponge species) particles. Samples for the spore-and-pollen analysis were collected from the upper 0-5 cm of both soils. In the buried soil, two sides of the soil pit (western and northern), including the upper layer of the grave material, were sampled. For the analysis of phytoliths, replicate samples were taken from the upper 0-2 cm of the surface soil and also from the upper part of the grave fill, as well as from the two surface layers (0-3 cm and 3-7 cm) of the buried soil on both sides of the soil pit. To analyze the microbiomorphs, soil samples were treated in a multi-stage procedure [33] [34] [35] [36] . In sample preparation for the phytolith analysis, fifty-gram soil samples were treated with a 30% solution of hydrogen peroxide, and then separated from quartz and other mineral grains by flotation in a heavy liquid with a density of 2.3 g·mL −1 . Determination of phytoliths was carried out using an optical microscope at magnifications 200-900×. For the study of palynological assemblages, samples were treated with 10% HCl and sodium pyrophosphate, centrifuged in heavy liquid (CdI 2 + KI), and subjected to standard acetolysis.
In order to determine pollen concentrations, Lycopodium spores were added to the recovered samples. Determination of pollen and spores was carried out using a light microscope at magnifications 400× and 1000×. All pollen grains were counted in the recovered sample. Pollen identification was performed based on a reference collection using keys and illustrations by Moore et al. [37] and Beug [38] . Percentages of pollen groups were calculated from total pollen amount; percentages of spores were calculated referring to the total amount of pollen and spores.
Since wood or charcoal particles were not found, radiocarbon dating was carried out on humic acids extracted from the dark-colored grave fill material. The radiocarbon date was obtained by liquid scintillation counting (LSC) at the Laboratory of Isotope Research at the Herzen State Pedagogical University of Russia, St. Petersburg (marked by the SPb index). The quoted uncalibrated date was calculated as radiocarbon years before 1950 (years BP) using the 14C half-life of 5568 years. The error is quoted as one standard deviation and reflects both statistical and analytical errors. Measuring extracted humic acids does not yield absolute ages [17, 39] so the obtained radiocarbon date was not calibrated.
The elemental data treatment included the calculation of the molar ratios of immobile elements -Ti, Nb and Zr-which was used to evaluate the parent material uniformity [40] . The amount of loss and gain, relative to the deepest parent material stratum, was quantitatively assessed using the eluvial/illuvial coefficient, or EIC [41] :
where Xh and Xr are the contents of element X, while Ih and Ir are the contents of an immobile element (Ti) in soil horizons and parent rocks, respectively. A positive EIC value means that the element has been enriched in the soil horizon, relative to the parent material and a negative value suggests the loss of the element.
Results

Soil Morphology
The surface soil with Ah-AhB-Bw-C1-C2-C3-R horizons ( Figure 3 ) represents a Folic Eutric Cambisol. The soil is formed on an upland slope with a gradient less than 5 • under broadleaf forest dominated by Acer platanoides and Quercus robur and admixture of Tilia cordata and Ulmus laevis. Parent material consists of loamy sand or sandy loam deposits underlain by unaltered calcareous sandstone slab at a depth of 130 cm (horizon R).
The upper part of the soil profile consists of a very dark brown (10 YR 2/2) Ah horizon with moderate granular structure and loam texture grading into the transitional mottled dark brown AhB horizon ( Figure 3a , Table 1 ).
The surface soil with Ah-AhB-Bw-C1-C2-C3-R horizons (Figure 3 ) represents a Folic Eutric Cambisol. The soil is formed on an upland slope with a gradient less than 5° under broadleaf forest The thickness of the Ah horizon varies between 7 and 12 cm (up to 16 cm in the surrounding soils). Below the AhB, there is a relatively thick (16-20 cm) Bw horizon with sandy clay texture situated above the parent material. Unlike the C horizon, the Bw horizon has a reddish color (5YR 4/4), is weakly structured and contains diffuse dark brown humus mottles ( Table 1 ). The reddish shade is thought to have formed due to weathering or transformation of primary minerals producing ferric oxide and hydroxide coatings. At the depth of 42-48 cm the C horizons begins, distinguishing three sub-horizons. The yellowish C1 and C2 sub-horizons are of sandy loam or loamy sand texture and contain weakly to moderately weathered fragments of sandstone (up to 10 cm in diameter), typically covered by a distinct layer of very dark to almost black material (Figure 3c ), while more strongly weathered sandstone fragments (large or fine) appear as very dark mottles (Figure 3b ). The dark color of the material implies the presence of organic compounds and/or manganese oxides. The lowermost residuum, or the C3 horizon, which lies above the consolidated calcareous sandstone plate, is similar in texture to the C1 and C2 sub-horizons and also contains small dark mottles, but of a reduced matrix characterized by greenish colors typical for redox depletion. Below, the surface of the unaltered calcareous sandstone slab in the R horizon displays continuous coatings (Figure 3d ) consisting of dark material similar to that found in the residuum horizons. The kurgan mound is covered by the same type of forest as the surface soil. The soil developed in the upper part of the ancient construction, approximately 4000 years old, is a weakly differentiated Folic Umbrisol with Ah-AhC1-AhC2 horizons. It is underlain by well-stratified layers R1 and R2 which overlie the buried soil (Figure 4a ). The upper limit of the buried soil is located 165 cm below the present-day surface of the kurgan, marked by a 2-5 cm thick pale brown layer separating the buried soil from the mound. Due to the presence of this layer, the buried soil was identified in two walls of the excavation-western and northern (Figure 4a ). Like the surface soil, the buried soil is limited in depth by continuous consolidated calcareous sandstone slab, starting a 130 cm below the upper limit of the buried soil, coinciding with the hard rock position in the surface soil. The buried soil in the northern wall was partially disturbed by anthropogenic activities, ancient ones related to the construction of the grave, and more recent ones associated with the excavation by archeologists in 1927, so the total width of the undisturbed buried soil in the northern wall is slightly less (80 cm) than in the western one (125 cm). The kurgan mound is covered by the same type of forest as the surface soil. The soil developed in the upper part of the ancient construction, approximately 4000 years old, is a weakly differentiated Folic Umbrisol with Ah-AhC1-AhC2 horizons. It is underlain by well-stratified layers R1 and R2 which overlie the buried soil ( Figure 4a ). The upper limit of the buried soil is located 165 cm below the present-day surface of the kurgan, marked by a 2-5 cm thick pale brown layer separating the buried soil from the mound. Due to the presence of this layer, the buried soil was identified in two walls of the excavation-western and northern (Figure 4а ). Like the surface soil, the buried soil is limited in depth by continuous consolidated calcareous sandstone slab, starting a 130 cm below the upper limit of the buried soil, coinciding with the hard rock position in the surface soil. The buried soil in the northern wall was partially disturbed by anthropogenic activities, ancient ones related to the construction of the grave, and more recent ones associated with the excavation by archeologists in 1927, so the total width of the undisturbed buried soil in the northern wall is slightly less (80 cm) than in the western one (125 cm). Table 1 ). The whole soil profile is weakly structured. The upper Ahb horizon has a very dark color-black to very dark brown, 7.5 YR 2.5/1-2, which is darker than the humus horizon of the surface soil, although the thicknesses of these horizons are almost equal. The transitional horizon AhBb displays a sandy clay loam texture, the presence of humus mottles and weak horizontal lamination, derived from the original layering observed in the sedimentary hard rock. The underlying Bwb horizon has a similar sandy clay loam texture and also shows weak signs of horizontal structuring. This horizon contains very fine fragments of lithogenic material (calcareous and non-calcareous) and shows traces of past mesofauna activity. Below the Bwb, the soil stratum consists of unstructured sandy loam. The BCb horizon has a yellowish-brown color, grading into the Cb horizon which contains fine soft Mn nodules, further underlain by a slightly reduced loamy sand Ckb horizon with numerous altered calcareous coarse The buried soil was identified as Folic Eutric Cambisol Protocalcic. The following sequence of the horizons was distinguished: Ahb-AhBb-Bwb-BCb-Cb-Ckb-R ( Figure 4a , Table 1 ). The whole soil profile is weakly structured. The upper Ahb horizon has a very dark color-black to very dark brown, 7.5 YR 2.5/1-2, which is darker than the humus horizon of the surface soil, although the thicknesses of these horizons are almost equal. The transitional horizon AhBb displays a sandy clay loam texture, the presence of humus mottles and weak horizontal lamination, derived from the original layering observed in the sedimentary hard rock. The underlying Bwb horizon has a similar sandy clay loam texture and also shows weak signs of horizontal structuring. This horizon contains very fine fragments of lithogenic material (calcareous and non-calcareous) and shows traces of past mesofauna activity. Below the Bwb, the soil stratum consists of unstructured sandy loam. The BCb horizon has a yellowish-brown color, grading into the Cb horizon which contains fine soft Mn nodules, further underlain by a slightly reduced loamy sand Ckb horizon with numerous altered calcareous coarse sandstone fragments (Figure 4b-d) and finely divided lithogenic material which causes a slight effervescence of the soil matrix.
Soil Micromorphology
The study of thin sections confirms that both soils are formed in parent material derived from the weathering of well-cemented sandstone, which consist of sand grains conjoined by carbonate fine material ( Figure 5A ). The coarse material pattern in the cemented sandstone shows the tendency to subhorizontal bedding (long axes are subhorizontal) and all mineral grains are covered by very thin Fe-coatings ( Figure 5A ,B) originated probably from weathering of primary minerals. The weathering of the sandstone produced loose loamy sands with a predominance of sand size grains, 120-170 µm in diameter. Most of the coarse grains are only slightly rounded and retain their shape, some of the grains shows signs of weathering, e.g., cracks. The mineral composition of the coarse fraction does not change significantly along the soil profiles: it consists of quartz (70%), feldspar (15%) and other opaque minerals with high Fe-content ( Figure 5B ). Fragments of altered sandstone are well preserved in the lower parts of both profiles: in the surface soil at 95 cm and deeper, in the buried soil at 110 cm and deeper ( Figure 5C ). In the inner (consolidated) parts of the fragments and in their outer parts (with loose groundmass) a subhorizontal bedding of coarse grains inherited from the hard rock are observed. This bedding can be traced in the profiles of the buried and surface soils up to the depth of 80 cm.
There are different forms of carbonates-primary (geogenic) and secondary (pedogenic). In the surface soil, the nodules of primary carbonates with blurred boundary are found between 90-130 cm, derived from the altered fragments described above ( Figure 5E ). The buried soil contains mainly primary carbonates, but also secondary carbonates are found, present as (a) large (up to 1.5 cm thick) micrite nodules inside the groundmass, (b) coatings on the wall of weakly developed voids ( Figure 5F ). The latter tend to have the shape of root caps.
In addition to differences in carbonate forms, the buried and the surface soils can be differentiated by other pedofeatures, including microstructure, type and distribution of fine material. The microstructure of the upper layer in the buried soil is compacted by diagenesis, and is very bioturbated (~40% of the thin section area is formed by passage infillings). Nevertheless, there are signs of moderately separated granular microstructure ( Figure 6A ). In the Ah horizon of the surface soil the microstructure is highly separated only in the uppermost 5 cm, while the rest of the horizon displays a weakly separated angular blocky microstructure. (Figure 6B ). In the subjacent strata the microstructure shows similar features in both soils, being close to massive.
The surface layers of the two soils also differ in the types of fine material. In the buried soil, the surface layer contains very dark brown (mull type) humus, very well developed, consisting of visible dark clustered particles ( Figure 6A ,C) indicating its formation in a productive ecosystem. In the surface soil, the fine material contains brown (moder type) humus, including a high amount of small single dark particles and plant residues in various stages of decomposition ( Figure 6B,D) . The studied soils showed also differences in the fine material distribution. In the buried soil, material with a close porphyric c/f related distribution [26] was determined in the Bwb horizon. The fine material observed in this horizon is characterized by a high birefringence with poro-and granostriated b-fabric marked by thin clay coatings. Thicker clay coatings occur on the surface of rare void walls. (Figure 6E ). Small incorporated fragments of the Bwb horizon are found in the groundmass even below the Bwb horizon, at depth of 45 cm. In the surface soil, the soil groundmass at the same depth is characterized by single spaced equal enaulic c/f related distribution (braces of fine material link the coarse grains). It has much less birefringence of the fine material with granostriated b-fabric. Thus, we cannot classify this material as Argic, although zones with micromorphological features similar to the buried soil still can be found ( Figure 6F ). The studied soils showed also differences in the fine material distribution. In the buried soil, material with a close porphyric c/f related distribution [26] was determined in the Bwb horizon. The fine material observed in this horizon is characterized by a high birefringence with poro-and granostriated b-fabric marked by thin clay coatings. Thicker clay coatings occur on the surface of rare void walls. (Figure 6E ). Small incorporated fragments of the Bwb horizon are found in the groundmass even below the Bwb horizon, at depth of 45 cm. In the surface soil, the soil groundmass at the same depth is characterized by single spaced equal enaulic c/f related distribution (braces of fine material link the coarse grains). It has much less birefringence of the fine material with granostriated b-fabric. Thus, we cannot classify this material as Argic, although zones with micromorphological features similar to the buried soil still can be found ( Figure 6F ).
The amount of the fine material is decreasing with depth. In the upper 20 cm single spaced porphyric c/f-related distribution is described in both soils, but the amount of fine material is higher in the Ahb horizon relative to the Ah horizon. In the 30-50 cm layer, different types of equal enaulic c/f-related distribution are found. Convex gefuric distribution starts in the buried soil at depth of 70 cm and in the surface soil at depth of 85 cm. In the surface soil, the fine material itself is more ferriferous than in the buried soil where it includes more clay. In both soils, two types of materials can be seen at the depth of 100-105 cm: zones where coarse grains are completely uncoated ( Figure 7A ) and zones where coarse grains are linked by ferriferous bridges ( Figure 7B ). This may be caused by the stagnation of water and gleyzation at the boundary with unaltered sandstone plate. The amount of the fine material is decreasing with depth. In the upper 20 cm single spaced porphyric c/f-related distribution is described in both soils, but the amount of fine material is higher in the Ahb horizon relative to the Ah horizon. In the 30-50 cm layer, different types of equal enaulic c/f-related distribution are found. Convex gefuric distribution starts in the buried soil at depth of 70 cm and in the surface soil at depth of 85 cm. In the surface soil, the fine material itself is more The gleyzation features are also seen in the lower part of the C2 horizon where thin bleached clay coatings cover coarse grains ( Figure 7C) ; other zones are enriched in ferriferous material, while no iron nodules or concretions are found. At the boundary with the sandstone bedrock there is a zone, 2-4 cm thick, where translocated organic and mobile Mn-Fe compounds were accumulated. As a result, the sand grains are covered by thick dark coatings composed mainly of organic matter ( Figure 7D ).
Radiocarbon Date
In the light of the radiocarbon dating of the organic (humic) substances which were separated from the grave fill material the paleosol was buried not earlier than 4425+/−50 yrs. BP , SPb 2455, or the beginning (the first half) of the Subboreal period, which confirms the archeological dating of the kurgans [18] .
Analytical Features
Soil granulometry. Both soils are dominated by sand particles (Figure 8) , in particular by the fine and very fine sand fractions (0.25-0.05 mm), although both profiles contain sufficient amounts of clay The gleyzation features are also seen in the lower part of the C2 horizon where thin bleached clay coatings cover coarse grains ( Figure 7C) ; other zones are enriched in ferriferous material, while no iron nodules or concretions are found. At the boundary with the sandstone bedrock there is a zone, 2-4 cm thick, where translocated organic and mobile Mn-Fe compounds were accumulated. As a result, the sand grains are covered by thick dark coatings composed mainly of organic matter ( Figure 7D ).
Radiocarbon Date
In the light of the radiocarbon dating of the organic (humic) substances which were separated from the grave fill material the paleosol was buried not earlier than 4425+/−50 yrs. BP, SPb 2455, or the beginning (the first half) of the Subboreal period, which confirms the archeological dating of the kurgans [18] .
Analytical Features
Soil granulometry. Both soils are dominated by sand particles (Figure 8 ), in particular by the fine and very fine sand fractions (0.25-0.05 mm), although both profiles contain sufficient amounts of clay and silt to classify the texture of the two soils as sandy clay loam or sandy loam up to the depth of 80-90 cm. The total sand content in both soils is lower in the topsoil horizons compared to the deeper strata, reaching its maximum values of 80-85% in the residuum, classified as having a loamy sand texture. In the surface soil the changes in the vertical distribution of the total sand content are rather smooth compared to those in buried soil, in which a notable increase of the coarser fractions is observed in the BCb horizon (Figure 8 ). The clay contents vary between 24 and 8% in the buried soil, compared to 17.5 and 7% in the surface soil, showing higher values in the upper parts of the two soils (Figure 8 ). In the surface soil the clay distribution curve displays a smooth decrease to the C horizons, with no notable enrichment in the Bw horizon, while in the buried soil a visible peak in the clay content is noted in the Bw horizon (Figure 8) . However, the ratio of the clay content in the Bw horizon to the AhB horizon is 1.1, which qualifies as a very weak textural change [23, 42] . The contribution of the silt fractions, in particular of coarse silt particles (0.05-0.01 mm), is relatively small compared to the amount of silt in the loessderived soils widespread in the middle Volga region. Similarly to clay, the silt enriches the upper soil horizons, up to 30 cm in the buried soil and to 40 cm in the surface soil, with their lowest content observed in the Cb and C horizons.
Selected chemical data ( Table 2 ). The Ah, AhB, Bw and C1 horizons of the surface soil are slightly acidic up to the depth of 70 cm, while the C2 and C3 horizons are neutral. The clay contents vary between 24 and 8% in the buried soil, compared to 17.5 and 7% in the surface soil, showing higher values in the upper parts of the two soils (Figure 8 ). In the surface soil the clay distribution curve displays a smooth decrease to the C horizons, with no notable enrichment in the Bw horizon, while in the buried soil a visible peak in the clay content is noted in the Bw horizon (Figure 8) . However, the ratio of the clay content in the Bw horizon to the AhB horizon is 1.1, which qualifies as a very weak textural change [23, 42] . The contribution of the silt fractions, in particular of coarse silt particles (0.05-0.01 mm), is relatively small compared to the amount of silt in the loess-derived soils widespread in the middle Volga region. Similarly to clay, the silt enriches the upper soil horizons, up to 30 cm in the buried soil and to 40 cm in the surface soil, with their lowest content observed in the Cb and C horizons.
Selected chemical data ( Table 2 ). The Ah, AhB, Bw and C1 horizons of the surface soil are slightly acidic up to the depth of 70 cm, while the C2 and C3 horizons are neutral. Carbonates are leached from the profile of the surface soil except for the lower strata and large mottles where carbonates are still detectible (Table 2 ). In contrast, the buried soil shows moderately alkaline reactions in most of the horizons, with detectable levels of calcium carbonates (0.02-0.15%) and strongly alkaline pH in the Ckb horizon having calcareous bedrock fragments.
The exchangeable ions in the two soils are represented almost entirely by bases: Ca 2+ >> Mg 2+ > Na + , K + (Table 2) . Ca 2+ saturation varies between 85-94% in the buried soil and 86-90% in the surface soil. The acidic cations (Al 3+ , H + ) occur in minor proportions (0.1-1.4%) only in the surface soil.
Soil organic matter (SOM). The analysis of the 11 samples of the topsoil horizons collected around the kurgan mound showed that the SOM content in the surface soils varies between 4% and 11%, with an average exceeding 6%, which classifies the surface soils of the study site as strongly humic. The studied surface soil contains about 5% of organic matter in the Ah horizon ( Table 2 ). The SOM content decreases first sharply to 1.5% at a depth of 10-20 cm and then more smoothly towards the lower part of the soil profile (0.3%-0.1%), although showing irregular patterns and local peaks (1-2%) at the depths 50-60 cm and 80-100 cm (Table 2 ). Compared to the surface soil, the SOM content of the buried soil is twice lower in its upper Ahb horizon, due to biomineralization after burying [13] , while comparable amounts of SOM are found in the C horizons. As in the surface soil, the distribution of humus throughout the buried soil profile shows similar irregular patterns. The C:N ratio of topsoil ranges from 10:1 (in the buried soil) to 13:1 (in the surface soil), indicating that both soils contain humus of moder or mull type.
The fractionation of humus substances performed for the upper horizon of both soils revealed that in the surface soil the content of organic carbon in the separated fulvic and humic acids was nearly equal (Table 3) , which is very typical of soils developed under broadleaf forest vegetation. In the buried soil, the ratio between carbon content in humic and fulvic acids was extremely wide: the level of C in humic acids (C HA ) was nearly 5 times higher than in fulvic acids (C FA ). The further fractionation of the humic acids in the humus horizons implies that most of them in the buried soil were preserved as compounds associated with Ca carbonates (Table 3) , while in the surface soil they were found both in association with Ca carbonates and sesquioxides. Elementary analysis. The data on major oxides and trace elements are presented in Table 4 . Relative to decalcified loess deposits occurring in the Middle Volga region (Table 4 ) the sandstone residuum is more calcareous and has higher contents of NaO 2 , Fe 2 O 3 (1.9-1.7 times), MgO (1.3-1.4 times), P 2 O 3 and CaO (1.2-1.3 times higher) as well as higher levels of some trace elements associated with ferromagnesian minerals, such as Cr (4.7 times), Ni (3.2 times), V (1.4 times) and also Sr (1.5 times), present in calcareous material, while trace elements that occur in relatively stable minerals (Ti, Zr, Nb, Y) or in clay (Pb, Rb) were found in lower amounts. The elements Ti, Zr and Nb, presumably not lost due to weathering and translocation [17, 40, 45] , were chosen for the detection of lithogenic discontinuities. The ratios of these elements calculated for the soils' parent materials are nearly equal ( Table 5 ), indicating that the sediments had been very likely derived from the same rock source. Additionally, the ratios display very low variations (in most cases less than 15%) throughout the soil profiles, which means that lithogenic discontinuities are not present and sediments at each site are relatively homogeneous in terms of their origin [45] . * n-number of samples.
The transformation of the upper and middle soil horizons relative to lower parent material strata was evaluated using calculation of eluvial/illuvial coefficients (EIC) for potentially mobile elements such as Na, K, Ca, Mg, Fe, and Mn. The Ah and Bw horizons of the two soils showed negative values of EIC for most elements (Figure 9 ), indicating that the two soils underwent leaching processes. The elements Ti, Zr and Nb, presumably not lost due to weathering and translocation [17, 40, 45] , were chosen for the detection of lithogenic discontinuities. The ratios of these elements calculated for the soils' parent materials are nearly equal ( Table 5 ), indicating that the sediments had been very likely derived from the same rock source. Additionally, the ratios display very low variations (in most cases less than 15%) throughout the soil profiles, which means that lithogenic discontinuities are not present and sediments at each site are relatively homogeneous in terms of their origin [45] . * n-number of samples.
The transformation of the upper and middle soil horizons relative to lower parent material strata was evaluated using calculation of eluvial/illuvial coefficients (EIC) for potentially mobile elements such as Na, K, Са, Mg, Fe, and Mn. The Ah and Bw horizons of the two soils showed negative values of EIC for most elements (Figure 9 ), indicating that the two soils underwent leaching processes. Due to biological cycling, the surficial horizons displayed a poorer leaching of Ca and K and strong accumulation of Mn. The very high positive values registered for Mn in the uppermost horizon of the surface soil stress the biogenic addition of the element from decomposing litter material. In the buried soil, the maximum accumulation of Mn also occurred in the surface horizon. The deeper Bw horizons display positive but smaller values of EIC for Mn, especially in the Bw horizon of the surface soil. Iron fractions (Table 6 ). Iron oxides and hydroxides, being products of weathering and soil processes, provide an indication of the duration of pedogenesis and are widely used as a paleoclimatic proxy [46, 47] . In the surface soil, the proportions of pedogenic, or free, iron (Fed) vary between 51 and 39% of the total iron concentrations, while in the buried soil they range from 43 to 29%. The higher proportions of pedogenic iron in the surface soil agrees with the longer duration of pedogenesis. The oxalate extractable (non-crystalline) iron makes up only a small proportion of the pedogenic iron in both soils, indicating a low iron activity index (Table 6 ). The highest values of iron activity index are observed in the surface soil, in its humus Ah horizon, resulting from the element Iron fractions (Table 6 ). Iron oxides and hydroxides, being products of weathering and soil processes, provide an indication of the duration of pedogenesis and are widely used as a paleoclimatic proxy [46, 47] . In the surface soil, the proportions of pedogenic, or free, iron (Fed) vary between 51 and 39% of the total iron concentrations, while in the buried soil they range from 43 to 29%. The higher proportions of pedogenic iron in the surface soil agrees with the longer duration of pedogenesis. The oxalate extractable (non-crystalline) iron makes up only a small proportion of the pedogenic iron in both soils, indicating a low iron activity index (Table 6 ). The highest values of iron activity index are observed in the surface soil, in its humus Ah horizon, resulting from the element biogenic addition, as well as at a depth of 80-87 cm, due to the presence of a strongly altered sandstone fragment. In the buried soil, the values of the iron activity index are generally lower compared to the surface soil, however, the Bwb horizon displays a higher iron activity relative to the similar horizon of the surface soil. At the same time both Bw and Bwb horizons appear to be rich in silicate forms of iron relative to other horizons. Palynological data. Grass pollen and spores constitute relatively small proportions in the total pollen and spore spectrum of the two soils. In the surface soil, spores are absent, and grass pollen make up 6%, while in the buried soil the share of grass pollen and spores is nearly the same (5% of the total spectrum). The proportion of spores in the buried soil, indicating humid conditions, reaches 8% in the western wall and 1% in the northern wall.
In the pollen spectra of the surface and the buried soils, arboreal pollen are dominant. In the surface soil, trees account for 94% of the total spectrum, while in the buried soil they vary between 87-94%. Pollen of birch is dominant in both soils, in the surface soil representing 90% and in the northern wall of the buried soil 92% (Figure 10 ). Pollen of broadleaf trees (oak, lime) and also Corylus, a typical shrub in broadleaf forests, are rare in both soils; however, in the present-day forest community they are dominant species. An admixture of conifers occurs in the pollen spectrum of both the surface and the buried soils (Figure 10 ). In the buried soil, pollen of pine (73%) and spruce (2%) were identified in the topsoil of the western wall, showing a reliable presence of coniferous trees in this location. In the northern wall only pine grains in minor quantities (2%) were found.
According to phytolith analysis (Table 7) , needles of coniferous trees were found in the upper 0-2 and 0-3 cm of both soils, confirming the possibility of the soils' development under coniferous or mixed forest communities. The composition of the phytolith complexes in the two samples of the uppermost layers (0-2 cm) of the surface soil is very similar. In both samples herbaceous cenoses predominate, while phytoliths of conifers are corroded in comparison to the herbaceous forms, implying the possible replacement of coniferous or mixed forest cenoses in the past by broadleaf forest with herbaceous layer. In the buried soil, the uppermost layers (0-3 cm) display many forms derived from the forest complex, including needles of conifers but also steppe grasses. However, in the deeper horizon (3-7 cm) the contribution of the steppe complex component increases. In the grave material some components indicating wet habitats (reed and sedges) were found. This "wet" complex is typical of riverine landscapes. The traces of such wet complex were also found in the upper 3 cm in the northern wall of the buried soil, suggesting its pollution by foreign (transferred) material during the burial ritual. According to phytolith analysis (Table 7) , needles of coniferous trees were found in the upper 0-2 and 0-3 cm of both soils, confirming the possibility of the soils' development under coniferous or mixed forest communities. The composition of the phytolith complexes in the two samples of the uppermost layers (0-2 cm) of the surface soil is very similar. In both samples herbaceous cenoses predominate, while phytoliths of conifers are corroded in comparison to the herbaceous forms, implying the possible replacement of coniferous or mixed forest cenoses in the past by broadleaf forest with herbaceous layer. In the buried soil, the uppermost layers (0-3 cm) display many forms derived from the forest complex, including needles of conifers but also steppe grasses. However, in the deeper horizon (3-7 cm) the contribution of the steppe complex component increases. In the grave material some components indicating wet habitats (reed and sedges) were found. This "wet" complex is typical of riverine landscapes. The traces of such wet complex were also found in the upper 3 cm in the northern wall of the buried soil, suggesting its pollution by foreign (transferred) material during the burial ritual. 
Discussion
Both the surface soil and the buried soil are classified as Folic Eutric Cambisols, formed in similar parent material consisting of unconsolidated deposits derived from Upper Permian sandstones. Fragments of altered sandstone are well preserved in the lower parts of both profiles. The grain size distribution revealed noticeable differences, allowing to distinguish two main layers within the soil profiles-an upper layer, 50-cm thick, and a lower (basal) layer, hosting the C horizons. The basal layer in both soils has a coarser texture dominated by the fine and very fine sand representing non-transported sandstone residuum. The total sand content in the C horizons (80-85%) does not vary significantly from site-to-site, indicating a textural uniformity of the basal layer along the slope.
The morphological features of the basal layer are largely controlled by the properties of the underlying sandstone plate. On a microscopic level, the C horizons of both soils showed traces of horizontal laminations inherited from the bedrock. The upper layers of the studied soils, hosting soil horizons, are also dominated by the sand fractions, but they have higher amounts of finer material compared to the basal layer, which is interpreted as a result of pedogenesis and weathering processes. In spite of the similarity in texture of the upper layers, the clay content varies, with the buried soil revealing a higher amount of clay (19-24%) compared to the surface soil (17-15%). These variations we relate to minor redistribution of fine material along the slope. The increase in the silt content, detected in the upper 20 cm in both soils, may be a result of pedogenic processes and also aeolian input; although, the coarse silt to clay ratio, used for evaluating aeolian particles addition [48] is less than 1, indicating that the input of allochthonous (aeolian) material was too small, especially in the buried soil, to have a notable impact on the properties of soils. The absence of distinct lithological discontinuities related to different genetic sources of the soil parent material was also confirmed by low variations (Cv<15%) of the immobile element ratio [40, 45] .
Chemical analysis of the basal layer revealed specific features in its elemental composition, indicating the distinct difference of the sediments in the study area from decalcified loess, and having an impact on pedogenic processes. The sandstone residua showed to be richer in alkaline and alkaline earth elements (Na, Ca, Mg) as well as Fe. Because of the relatively high content of Ca and Mg, the buried and surface soils reveal high base saturation with the predominance of bivalent ions (98.4-100% and 97.8-99%, respectively). The absorption of Ca 2+ on exchangeable sites favors the coagulation of the colloids and inhibits lessivage until bases are removed [17, 49] . The same effect is caused by the presence of soil cements such as iron, manganese, silicon, and aluminium oxides, which reduce soil dispersibility by binding soil particles [49] . As a result, the argillans providing clear environmental information associated with a humid leaching regime, seem to be poorly developed or even absent.
In the surrounding areas, the surface soils and the paleosols of the Early Iron age derived from decalcified loess [50, 51] have distinct Argic horizon and multi-layered clay cutans. The morphological study of the two soils developed in Upper Permian sandstone residuum showed the absence of readily visible features of clay illuviation but the examination of thin sections of both soils revealed different features: the buried Bronze age soil, in contrast to the surface soil, showed some signs of material translocation manifested as oriented clay with high birefringence and thin cutans in the Bwb horizon. However, the index of textural differentiation (ITD), calculated as the ratio of the clay-sized fine material in the Bwb and the overlying AhBb horizons, was too low (ITD << 1.4) to denominate the horizon as Argic [23] . The question why clay cutans, being persistent signatures of a humid environment, were not found in the surface soil might be explained by the insufficient amount of the fine material in its surface horizons [52] . Our data support the idea that the lower clay content of the surface soil (16-17%) probably was less favorable for clay illuviation processes compared to the slightly higher amount of clay-size particles in the buried soil (19-20%) but the presence of clay cutans in the soil buried approximately 4000 years BP provides a reliable evidence of humid environmental conditions during its formation.
Other evidence of climatically humid conditions during the development of the paleosol are the elluvial/illuvial coefficients (EIC) calculated for the basic elements and Fe and their depth functions, confirming that both soils underwent leaching regimes. However, the leached zones are rather shallow and restricted only to the upper 40-50 cm. According to the EIC values, the Ah and Ahb horizons show a greater total loss of Mg, Na, Fe than the subsurface horizons. Due to biological cycling the surficial horizons also displayed a poor leaching of Ca and K and strong accumulation of Mn (Figure 9 ), the element which is strongly involved in biocycling by some arboreal species in subtaiga zone [53, 54] . The Bw and Bwb horizons also show the leaching of bases, but reveal insignificant loss or even a slight accumulation of total Fe.
The reaction of soil solutions in the surface soil profiles is comparable to the leaching patterns, varying from weakly acidic in upper horizons to neutral in the lower stratum. In the buried soil, reactions were moderately alkaline to strongly alkaline. The shift to alkalinity is a result of buried soil diagenesis [13] and incomplete leaching of calcium carbonates. The pH values show good agreement with the CaCO 3 distribution. In the surface soil, carbonates are completely leached from the profile except for the lower strata and large mottles, where CaCO 3 content is detectible due to the presence of calcareous fragments inherited from the parent material. In the buried soil, carbonates are disseminated throughout the profile, showing a maximum of about 1% in the lowermost horizon Ckb. Thin sections studies revealed that calcium carbonates appear only as geogenic forms in the surface soil, while in the buried soil both geogenic and secondary carbonates are identified, the latter can be seen as micritic nodules inside the groundmass and as coatings on the wall of weakly developed voids.
Distinct differences between the two soils were found when comparing their upper Ah and Ahb horizons, including color, humus amount, the intensity of bioturbation, as well as humus types and forms. The Ahb horizon contains less organic matter than the Ah horizon in the surface soil, but at the same time the buried A horizon has a darker color, a higher humus quality and higher degree of bioturbation. The reasonably low C:N ratio in the topsoil of the buried soil implies that all easily and decomposable organic substances have been completely biomineralized in the process of burial, while more resistant substances have relatively accumulated. Based on a large number of observations, Ivanov et al. [55] calculated the loss of organic carbon in different-age buried chernozems. The estimates revealed that biomineralization after the first 200-300 years of the soil being buried leads to a 30% loss of the original organic carbon content, and an additional 30-35% loss occurs during the following 3000-4000 years. Accordingly, this indicates that the initial amount of SOM in the buried soil could have exceeded 8%.
According to the ratio between carbon contents in the two humus components-humic and fulvic acids-the buried soil has a humate type of organic matter, with a very strong prevalence of stable humic acids (C HA /C FA = 5), while in the surface soil the ratio between carbon of humic and fulvic acids nearly equals 1, which is very typical for a deciduous forest environment. The strong enrichment of the topsoil of the buried soil with humic acids can be explained by their initial dominance over the fulvic fraction, since the complete biomineralization of fulvic acids after the soil's burial, could have led only to a two-fold increase of the ratio value. The thin sections show that in terms of mixing of organic material with the mineral soil, humus in the buried soil is more bioturbated and belongs to the mull form, while in the surface soil it belongs to the moder form. Thus, analytical and micromorphological data confirm the prominent differences in the features and origin of organic material in the contemporary surface soil and the paleosol, showing that the humus horizons of the two soils originated under different conditions, specifically that the humus of the Bronze age soil originated in an ecosystem with higher biological activity and under more productive vegetation.
More direct evidence of land cover can be provided by palynological analysis, however it is known that pollen can undergo severe deterioration caused by oxidation, microbial attack and high pH [56] , leading to an alteration in the relative abundance of taxa which impacts any pollen-based reconstruction of paleovegetation. A study of pollen assemblages in Chinese loess samples collected in different areas [56] revealed that Artemisia, Aster, Poaceae, Pinus and Chenopodiaceae belong to the dominant types in the pollen spectra because of their relative resistance to decay, while deciduous taxa, such as Betula, Quercus, Ulmus, and Corylus are more susceptible to destruction and always occur in low percentages. Our investigation of the pollen assemblages of the two soils confirms that the soils developed under forest vegetation. The pollen of oak and lime, preserved in the buried soil in quantities similar to the surface soil, reliably indicate the wide occurrence of broadleaf species in the past [56, 57] ; however, the presence of pollen of coniferous taxa (spruce and pine) indicated the development of more complex coniferous-broadleaf communities in the past. The high proportion of birch pollen (also susceptible to the decay but produced in large quantities) both in the buried and the surface soils assumes the existence of birch stands in the past [57] . In the forest belt, birches often are regarded as pioneer species, rapidly colonizing open land spaces, especially in secondary successions following a disturbance or fire [54] . At the same time birch often occurs as an admixture in coniferous-broadleaf and coniferous forests.
Phytoliths are fairly resistant to decomposition. They are liberated by plants during normal decay and enter the soil with plant litter [33] [34] [35] [36] . The phytolith analysis, which provides a signature of local flora, revealed some general trends in plant communities' successions. The phytoliths in the Bronze age soil at the 0-3 cm depth display many forms derived from the forest complex, including needles of conifers but also steppe grasses. However, in the deeper horizon (3-7 cm), referring to the earlier stages of soil development, the contribution of components from the steppe complex increases. In the surface soil, the phytolith analysis shows some shifts from more humid coniferous or mixed forest complex to the deciduous forest with a herbaceous layer.
Summarizing the results of the morphological and analytical studies, it can be concluded that both soils with poorly differentiated profiles were formed in a parent material with relatively low sensitivity to bioclimatic factors [52] . The parent material consists of sediments that must have originated from one source-the underlying calcareous sandstone of the Upper Permian age with relatively high contents of base elements and total iron. The sediments at the studied sites consist of two spatially similar layers which differ in texture. The lower part represents the sandstone's coarser residua with a preserved sedimentary lamination and geogenic carbonates in its basal layer, while the upper part, 40-50 cm thick, contains a higher amount of clay particles and hosts the Ah, AhB, Bw, and BC horizons. Both soils have many similar features that indicate their development mostly in a forested environment. However, the properties of the upper horizon of the Bronze Age paleosol also imply that it survived a warmer and drier (subhumid) stage of pedogenesis, probably in Late Atlantic period. The aridization of climate conditions during this period with probable shifts from forest to steppe environment [58] has been registered earlier in the paleosols of the Middle Volga [59] and forest-steppe areas of the Russian Plain [6] . In the buried soil, this warmer and drier stage resulted in the formation of secondary carbonates, as clearly seen at the microscopic level, and in the development of the bioturbated Ahb horizon, with dark mull humus enriched in stable humic acids. However, the absence of krotovinas, the low thickness of the Ah horizon of the buried soil and pollen and phytholith assemblages indicate that pedogenesis during this stage took place not in a steppe environment but rather in subhumid open deciduous or mixed forest with a thick herbaceous layer including steppe grasses. The shift to a more humid pedogenic stage in soil development probably occurred in the Subboreal period prior to the construction of the Bronze-age kurgan. According to the previous studies [8, 60] , phases of humidization in the central parts of the forest-steppe zone were accompanied by the advancements of forest vegetation onto steppe interfluves. During this stage, the soils of the study site, located more to the north from the ecotone area, were developing under denser mixed (broadleaf-coniferous, deciduous-coniferous) forest with less involvement of steppe grasses compared to the previous period. So the results of our study made it possible to reconstruct smaller differences and nuances in environment. In spite of the low-reactive parent material, limiting the development of an Argic horizon, the increase in humidity can be seen on the microscopic level as weak Luvic features (cutans) in the Bwb horizon. During the next pedogenic stage, a humid forest environment continued to be dominant, although some fluctuations might have occurred, as the microbiomorphic analysis revealed the shifts from mixed coniferous paleovegetation to the deciduous forest with a thicker herbaceous cover. Our earlier studies [44] of a paleosol buried under a fortification earth wall in the vicinity (60 km from the study site) confirmed the relative stability of the forested environment over the period from the Early Iron Age until present. As shown by the properties of the surface soil, the former humic horizon has been transformed and substituted with a horizon typical for a deciduous forest environment. The progressive development of Luvic features in the surface soil however was limited by both the chemical and textural features of the parent material.
Conclusions
The study of the soil chronosequence at the southern frontier of the forest belt in the Middle Volga region clearly showed the similarity of soils and landscapes through the time interval of the last 4000 years. Despite the complex soil pattern in the close vicinity of the study site, the investigated soils display relatively poor soil development and the lack of distinct polygenetic features. The impact of the climatic changes on soil morphology and properties, which have been registered in soil chronosequences in the northern, central and southern parts of the forest-steppe zone of the Russian Plain, was smoothed by two factors: (1) the buffering effect of non-reactive parent material, inhibiting the development of certain pedogenic processes and (2) the similarity of vegetation cover during the studied time interval. On the basis of analytical, palynological and pytolithic data, it can be concluded that both soils developed under forest communities, were affected by minor variations in precipitation and temperature. The shift from more open forests to denser forests following an increase in humidity was detected in the microbiomorphic analysis. The pedo-signature of the subhumid period was preserved in the humus horizon of the buried soil, showing higher quality humus, more intensive bioturbation and a darker color. We suggest that this stage occurred in the Late Atlantic period, while the subsequent increase in moisture content took place in the Subboreal period prior to the burial of the soil, recorded in the soils' middle horizons as weak illuvial clay features.
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